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Keywords:$[LRPDWLFGHVLJQPHWKRG1RQOLQHDUGHHSNQRZOHGJH6XSHUFULWLFDOURWRUG\QDPLFV

,QWURGXFWLRQ
'XH WR WKH HIIHFW RI QRQOLQHDU RLOILOP IRUFHV RQ MRXUQDO
EHDULQJV URWRUEHDULQJ V\VWHPV DUH VWURQJO\ QRQOLQHDU
G\QDPLFV\VWHPV/LQHDU WKHRU\RIURWRUEHDULQJV\VWHPVKDV
DOUHDG\EHHQGHYHORSHGDQGKDVEHHQZLGHO\DSSOLHGWRURWRU
G\QDPLF GHVLJQ /LQHDU WKHRU\ LV VLPSOH DQG HDV\ WR
XQGHUVWDQGDQGLWFDQDFFXUDWHO\UHIOHFWWKHREMHFWLYHODZVRI
V\VWHP YLEUDWLRQ LQPRVW FDVHVZKHQ WKH DPSOLWXGH LV VPDOO
HQRXJK7KHUHIRUHFXUUHQWURWRUG\QDPLFGHVLJQPHWKRGVDUH
VWLOO EDVHG RQ OLQHDU WKHRU\ DQG QRQOLQHDU WKHRU\ LV PDLQO\
XVHG IRUSDUWLFXODU W\SHVRIKDQGOLQJ DIWHU IDLOXUHRI URWDWLQJ
PDFKLQHULHV +RZHYHU URWDWLQJ PDFKLQHULHV DUH QRZ EHLQJ
GHYHORSHG IRU KLJK VSHHG RSHUDWLRQ LQ VXSHUFULWLFDO URWDWLQJ
PDFKLQHU\ DSSOLFDWLRQV VXFK DV WXUELQHV FRPSUHVVRUV DQG
SXPSV 7KHVH URWRUV DOO KDYH ZRUNLQJ VSHHGV WKDW DUH IDU
KLJKHU WKDQ WKH ILUVW FULWLFDO VSHHGV DQG WKXV ZLOO SURGXFH
VWURQJ VHOIH[FLWHG YLEUDWLRQV OHDGLQJ WR V\VWHP LQVWDELOLWLHV
DQG HYHQ JHQHUDWLQJ FRPSOLFDWHG QRQOLQHDU SKHQRPHQD VXFK
DVELIXUFDWLRQVFKDRVDQGVXEKDUPRQLFUHVRQDQFHV7KHUHIRUH
LW LV H[WUHPHO\ LQDSSURSULDWH WR DGRSW OLQHDU WKHRU\ IRU WKH
G\QDPLF GHVLJQ RI WKHVH V\VWHPV DV LW XVXDOO\ OHDGV WR
VKDIWLQJIDLOXUHV LQHQJLQHHULQJSUDFWLFH)RUWXQDWHO\ WKHUH LV
FXUUHQWO\DORWRIUHVHDUFKLQWRURWRUEHDULQJV\VWHPVEDVHGRQ
QRQOLQHDU WKHRU\ DQG D QXPEHU RI DFKLHYHPHQWV KDYH EHHQ
PDGH SDUWLFXODUO\ LQ UHODWLRQ WR WKH QRQOLQHDU G\QDPLF
EHKDYLRU DQG VWDELOLW\ DQDO\VLV RI WKHVH V\VWHPV >@
+RZHYHU QRQOLQHDU GHHS NQRZOHGJH LV FRPSOLFDWHG DQG
GLIILFXOW WR XQGHUVWDQG DQG KDV QRW \HW EHHQ DGHTXDWHO\
LQFRUSRUDWHG LQWR URWRUG\QDPLFGHVLJQ ,W LVKDUG WRPDQDJH
WKH IDFW WKDW LQWURGXFWLRQ RI QRQOLQHDU GHHS NQRZOHGJH
LQFUHDVHV WKH FRPSOH[LW\ RI URWRU G\QDPLF GHVLJQ LQ
FRPSDULVRQ ZLWK JHQHUDO GHVLJQ WKHRULHV 6LQFH D[LRPDWLF
GHVLJQ WKHRU\ KDV GLVWLQFW DGYDQWDJHV IRU KDQGOLQJ
FRPSOLFDWHG GHVLJQ SURSRVLWLRQV WKLV SDSHU EXLOGV D GHVLJQ
PHWKRG IRU VXSHUFULWLFDO URWRU G\QDPLFV EDVHG RQ D[LRPDWLF
GHVLJQWKHRU\
$[LRPDWLF GHVLJQ WKHRU\ ZDV ILUVW SURSRVHG E\ 6XK D
SURIHVVRU DW 0DVVDFKXVHWWV ,QVWLWXWH RI 7HFKQRORJ\ ,W LV D
VFLHQWLILFGHVLJQPHWKRGRORJ\ZKLFKFDQEHDSSOLHGWRDZLGH
UDQJHRI ILHOGV DQG LV EDVHGRQ ORJLFDO DQG UDWLRQDO WKLQNLQJ
>@7KH WKHRU\KDV VKRZQJRRGDSSOLFDELOLW\ LQ WKHGHVLJQ
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RI FRPSOH[ V\VWHPV DQG G\QDPLFV >@ ,Q RUGHU WR
LQWURGXFHQRQOLQHDUWKHRU\RIURWRUEHDULQJV\VWHPVLQWRURWRU
G\QDPLF GHVLJQ DQG LQWHJUDWH QRQOLQHDU GHHS NQRZOHGJH
UHVHDUFK DQ D[LRPDWLF GHVLJQPHWKRG IRU VXSHUFULWLFDO URWRU
G\QDPLFVLVDGRSWHG,QFRQWUDVWZLWKSUHYDOHQWURWRUG\QDPLF
GHVLJQV ZKLFK DUH EDVHG RQ OLQHDU WKHRU\ WKLV PHWKRG FDQ
JHQXLQHO\ UHIOHFW WKH FULWLFDO VSHHGV WKUHVKROG VSHHGV DQG
YDULRXV FRPSOH[ QRQOLQHDU SKHQRPHQD WKDW PD\ DSSHDU LQ
URWRUEHDULQJ V\VWHPV XQGHU DFWXDO ZRUNLQJ FRQGLWLRQV DQG
SURYLGHV UHIHUHQFH YDOXH WKDW FDQ EH XVHG E\ GHVLJQHUV WR
VHOHFW RSWLPDO GHVLJQ VFKHPHV 7DNLQJ D[LRPDWLF GHVLJQ
WKHRU\ DV D JXLGH DQG QRQOLQHDU WKHRU\ DV D EDVLV WKH SDSHU
UHDOL]HV QRQOLQHDU G\QDPLF GHVLJQ IRU VXSHUFULWLFDO URWRU
EHDULQJV\VWHPV7KHPDLQZRUNVRIWKLVSDSHUDUHRUJDQL]HG
DV IROORZV L7KH IRXUGRPDLQVRI WKHGHVLJQZRUOG DQG WKH
WZR D[LRPV RI D[LRPDWLF GHVLJQ WKHRU\ WKH LQGHSHQGHQFH
D[LRP DQG WKH LQIRUPDWLRQ D[LRP DUH LQWURGXFHG LL 7KH
LQGHSHQGHQFHD[LRP LV DGRSWHG WR UHDOL]HQRQOLQHDUG\QDPLF
GHVLJQ IRU D VXSHUFULWLFDO URWRUEHDULQJ V\VWHP $ IRXUOHYHO
GHFRPSRVLWLRQRIWKHIXQFWLRQDOUHTXLUHPHQWVDQGPDSSLQJRI
WKHFRUUHVSRQGLQJGHVLJQSDUDPHWHUVDUHDFKLHYHGZLWKLQWKLV
GHVLJQ$îD[LRPDWLFGHVLJQPDWUL[LVGHYHORSHGZKLFK
LVXVHGWRREWDLQDG\QDPLFGHVLJQIORZFKDUWRIWKHV\VWHPLLL
8QGHU WKH JXLGDQFH RI WKLV GHVLJQ IORZFKDUW D VLQJOH VSDQ
IOH[LEOHV\PPHWULFURWRUEHDULQJV\VWHPZLWKDVLQJOHGLVN LV
G\QDPLFDOO\ GHVLJQHG DQG DQDO\]HG LY 7KH FDOFXODWLRQ
UHVXOWV RI WKH GHVLJQ H[DPSOH DQG WKH GHVLJQ UHVXOWV RI WKH
FULWLFDO VSHHG DQG WKUHVKROG VSHHG EDVHG RQ OLQHDU DQG
QRQOLQHDUWKHRULHVDUHGLVFXVVHG
.H\FRQFHSWVRID[LRPDWLFGHVLJQWKHRU\
7KHD[LRPDWLFGHVLJQZRUOGLVFRPSRVHGRIIRXUGRPDLQV
WKH FXVWRPHU GRPDLQ WKH IXQFWLRQDO GRPDLQ WKH SK\VLFDO
GRPDLQDQG WKHSURFHVVGRPDLQ$VWUXFWXUDOGLDJUDPRI WKH
GRPDLQVLVVKRZQLQ)LJ7KHGRPDLQRQWKHOHIWUHSUHVHQWV
ZKDWZHDUHWU\LQJWRDFKLHYHZKLOHWKHGRPDLQRQWKHULJKW
UHSUHVHQWVKRZZHZDQWWRDFKLHYHLW
,Q RUGHU WR DQDO\]H DQG HYDOXDWH D GHVLJQ DFWLYLW\
D[LRPDWLF GHVLJQ WKHRU\ SURYLGHV WZR EDVLF D[LRPV ² WKH
LQGHSHQGHQFHD[LRPDQGWKHLQIRUPDWLRQD[LRP
7KH ILUVW D[LRP NQRZQ DV WKH LQGHSHQGHQFH D[LRP
UHTXLUHVWKDWDGHVLJQUHVXOWPXVWEHDEOHWRPHHWHDFKRIWKH
IXQFWLRQDO UHTXLUHPHQWV )5VZLWKRXW DIIHFWLQJ DQ\ RI WKH
RWKHU UHTXLUHPHQWV ZKHQ WKHUH DUH WZR RUPRUH )5V 7KLV
PHDQV WKDWD VHWRIFRUUHFWGHVLJQSDUDPHWHUV '3VPXVWEH
FKRVHQWRPHHWWKH)5VDQGPDLQWDLQWKHLULQGHSHQGHQFH)RU


)LJ7KHIRXUGRPDLQVRIWKHD[LRPDWLFGHVLJQZRUOG
DJLYHQGHVLJQOHYHOWKHIXQFWLRQDOUHTXLUHPHQW)5VHWWKDW
GHWHUPLQHVWKHVSHFLILFGHVLJQREMHFWLYHVIRUPVD)5YHFWRULQ
WKH IXQFWLRQDO GRPDLQ 6LPLODUO\ WKH GHVLJQ SDUDPHWHU '3
VHWWKDWKDVEHHQVHOHFWHGWRPHHWWKH)5VIRUPVD'3YHFWRU
LQ WKH SK\VLFDO GRPDLQ 7KH UHODWLRQVKLS EHWZHHQ WKH WZR
YHFWRUVFDQEHZULWWHQXVLQJWKHIROORZLQJHTXDWLRQ
^ ` > @^ `)5 '3A  
ZKHUH >A@ LV WKH GHVLJQ PDWUL[ DQG )RUPXOD  LV WKH
GHVLJQHTXDWLRQ
,QRUGHUWRPHHWWKHLQGHSHQGHQFHD[LRPWKHGHVLJQPDWUL[
PXVWEHDGLDJRQDOPDWUL[RUDWULDQJXODUPDWUL[:KHQ>A@LV
DGLDJRQDOPDWUL[HDFK)5FDQEHVDWLVILHGE\RQH'3DQGWKH
GHVLJQLVDQXQFRXSOHGGHVLJQ:KHQ>A@LVDWULDQJXODUPDWUL[
LIDQGRQO\LI WKH'3VDUHGHWHUPLQHGLQDSURSHUVHTXHQFH
WKHLQGHSHQGHQFHRIWKH)5VFDQEHJXDUDQWHHGDQGWKHGHVLJQ
LV D GHFRXSOHG GHVLJQ $Q\ RWKHU IRUPV RI GHVLJQ PDWULFHV
ZLOO OHDG WRDFRXSOHGGHVLJQ:KHQ WKHUHDUH WKUHH)5VDQG
'3VRQHW\SHRI>A@LQWKHGHFRXSOHGGHVLJQFDQEHH[SUHVVHG
DV
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ZKHUH X LQGLFDWHV WKDW WKHUH LV D FRXSOLQJ UHODWLRQVKLS
EHWZHHQ WKH )5V DQG WKH'3V DQG PHDQV WKDW WKHUH LV QR
FRXSOLQJUHODWLRQVKLSEHWZHHQWKH)5VDQGWKH'3V
7KH GHVLJQ LV D PDSSLQJ SURFHVV IURP WKH IXQFWLRQDO
GRPDLQ WR WKH SK\VLFDO GRPDLQ DW WKH KLJKHVW OHYHO 7R
FRPSOHWH WKHRYHUDOOGHVLJQDFWLYLW\ WKH)5VDQG WKH'3VDW
WKHKLJKHVW OHYHOQHHGWREHGHFRPSRVHGDQGLWHUDWHGDWHDFK
OHYHOXQWLOWKHGHVLJQFDQEHHQIRUFHG7KHFRQFUHWHSURFHVVRI
GHFRPSRVLWLRQ DQG LWHUDWLRQ LV VKRZQ LQ )LJ 7KH ILQDO
GHFRPSRVLWLRQUHVXOWLVUHSUHVHQWHGE\WKHJUHHQIUDPHV
7KH VHFRQG D[LRP NQRZQ DV WKH LQIRUPDWLRQ D[LRP
UHTXLUHV WKDW WKH GHVLJQ SRVVHVVLQJ WKHPLQLPXP DPRXQW RI
LQIRUPDWLRQLVWKHEHVWGHVLJQRIDOOWKHGHVLJQVWKDWPHHWWKH
LQGHSHQGHQFH D[LRP 7KH LQIRUPDWLRQ FRQWHQW Ii RI )5i LV
GHILQHGE\WKHVXFFHVVSUREDELOLW\PiRIVDWLVI\LQJ)5i

)5
)5 )5
)5 )5
)5 )5
)5 )5
)XQFWLRQDOGRPDLQ
'3
'3 '3
'3 '3
'3 '3
'3 '3
3K\VLFDOGRPDLQ 
)LJ7KHSURFHVVRIGHFRPSRVLWLRQDQGLWHUDWLRQEHWZHHQWKHIXQFWLRQDO
GRPDLQDQGWKHSK\VLFDOGRPDLQ
239 Yingze Jin et al. /  Procedia CIRP  53 ( 2016 )  237 – 246 
 
ORJ ORJi i
i
I P
P
    
,Q WKHDFWXDOGHVLJQ WKHVXFFHVVSUREDELOLW\ LVGHWHUPLQHG
E\WKHLQWHUVHFWLRQEHWZHHQWKHGHVLJQUDQJHVWLSXODWHGE\WKH
GHVLJQHUVDQGWKHV\VWHPUDQJHRIIHUHGE\GHVLJQHUVWRVDWLVI\
WKH )5 )LJ VKRZV WKH SUREDELOLW\ GHQVLW\ IXQFWLRQ RI D
V\VWHPZLWKLQD V\VWHP UDQJH WKDW VDWLVILHV)5i7KHRYHUODS
EHWZHHQ WKHGHVLJQ UDQJH DQG WKH V\VWHP UDQJH LV FDOOHG WKH
FRPPRQUDQJHDQGLWLVWKHRQO\DUHDWKDWVDWLVILHV)5i

6\VWHPUDQJH
'HVLJQUDQJH
&RPPRQ
UDQJH
)5i
Acr
3U
RE
DE
LOL
W\
G
HQ
VL
W\

)LJ7KHSUREDELOLW\GHQVLW\IXQFWLRQRIDV\VWHPZLWKLQDV\VWHPUDQJH
WKDWVDWLVILHV)5i
7KHVXFFHVVSUREDELOLW\PiRIVDWLVI\LQJ)5iFDQEHZULWWHQ
DV
 )5 G)5bi i i craP f A  ³   
ZKHUH f )5i LV WKH SUREDELOLW\ GHQVLW\ IXQFWLRQ RI WKH
V\VWHPVDWLVI\LQJ)5iaLVWKHORZHUOLPLWRIWKHGHVLJQUDQJH
bLVWKHXSSHUOLPLWRIWKHGHVLJQUDQJHDQGAcrLVWKHDUHDRI
WKHFRPPRQUDQJHWKHGDUNDUHDLQ)LJ
$[LRPDWLF GHVLJQ PHWKRG IRU VXSHUFULWLFDO URWRU
G\QDPLFV
7KH ILUVW D[LRP RI D[LRPDWLF GHVLJQ WKHRU\ WKH
LQGHSHQGHQFH D[LRP KDV EHHQ DGRSWHG WR UHDOL]H QRQOLQHDU
G\QDPLF GHVLJQ RI D VXSHUFULWLFDO URWRU V\VWHP 1RQOLQHDU
G\QDPLF GHVLJQ RI WKH VXSHUFULWLFDO URWRUEHDULQJ V\VWHP KDV
EHHQ UHDOL]HG LQ RUGHU WR FDOFXODWH WKH VWDELOLW\ WKH FULWLFDO
VSHHGDQGWKHXQEDODQFHGUHVSRQVHRIWKHV\VWHP>@
3.1. Decomposition of FRs and mapping of corresponding 
DPs at the first level 
7R DFKLHYH WKH VXSHUFULWLFDO URWRU G\QDPLF GHVLJQ WKH
URWRUEHDULQJV\VWHPYLEUDWLRQKDVILUVWO\EHHQFDOFXODWHGDQG
WKH FKDUDFWHULVWLFVRI WKH V\VWHPKDYH WKHQEHHQH[WUDFWHG VR
WKDWGHVLJQHUVFDQHDVLO\REVHUYHDQGDQDO\]HWKHYLEUDWLRQ$
UHDVRQDEOH GHVLJQ VFKHPH KDV ILQDOO\ EHHQ VHOHFWHG E\
GHVLJQLQJ WKH SHUIRUPDQFH RI WKH V\VWHP XQGHU GLIIHUHQW
SDUDPHWHU FRQGLWLRQV 7R ILQDOO\ REWDLQ WKH RYHUDOO )5V WKH
)5VDWWKHILUVWOHYHOFDQEHGHFRPSRVHGDVIROORZV
x )5&DOFXODWHWKHYLEUDWLRQRIWKHURWRUEHDULQJV\VWHP
x )5([WUDFWWKHFKDUDFWHULVWLFVRIWKHURWRUEHDULQJV\VWHP
x )5'HVLJQWKHSHUIRUPDQFHRIWKHURWRUEHDULQJV\VWHP
,QRUGHUWRPHHWWKHVHWKUHH)5VWKUHH'3VFDQEHFKRVHQ
DVIROORZV
x '37KHPDWKHPDWLFDOPRGHOVRIWKHURWRUEHDULQJV\VWHP
x '37KHJUDSKVWKDWUHIOHFWWKHFKDUDFWHULVWLFVRIWKHURWRU
EHDULQJV\VWHP
x '3 7KH JUDSKV WKDW UHIOHFW WKH QRQOLQHDU SHUIRUPDQFH
ODZVRIWKHURWRUEHDULQJV\VWHPXQGHUGLIIHUHQWSDUDPHWHU
FRQGLWLRQV
7KHGHVLJQHTXDWLRQRIWKHILUVWOHYHOFDQEHZULWWHQDV
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 
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7KH GHVLJQ PDWUL[ LV D ORZHU WULDQJXODU PDWUL[ ZKLFK
LOOXVWUDWHVWKDWWKHILUVWOHYHOGHVLJQLVDGHFRXSOHGGHVLJQDQG
VDWLVILHVWKHLQGHSHQGHQFHD[LRP
3.2. Decomposition of FRs and mapping of corresponding 
DPs at the second level 
)RU '3 WKH G\QDPLF RLOILOP IRUFHV RQ WKH MRXUQDO
EHDULQJVDQGWKHNLQHWLFHTXDWLRQVRI WKHURWRUYLEUDWLRQQHHG
WREHFDOFXODWHG)5FDQEHGHFRPSRVHGDVIROORZV
x )5&DOFXODWHWKHG\QDPLFRLOILOPIRUFHVRQWKHMRXUQDO
EHDULQJV
x )5&DOFXODWHWKHURWRUYLEUDWLRQ
,QRUGHUWRPHHWWKHVHWZR)5VWZR'3VFDQEHVWLSXODWHG
DVIROORZV
x '3 7KH PDWKHPDWLFDO PRGHO EDVHG RQ 5H\QROGV
HTXDWLRQ
x '37KHILQLWHHOHPHQWPRGHORIWKHURWRU
7KHGHVLJQHTXDWLRQFDQEHZULWWHQDV
 
 
)5 '3
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X
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7KH GHVLJQ PDWUL[ LV D ORZHU WULDQJXODU PDWUL[ ZKLFK
LOOXVWUDWHVWKDWWKLVLVDGHFRXSOHGGHVLJQ
)RU '3 WKH WLPH GRPDLQ ZDYHIRUP IUHTXHQF\
VSHFWURJUDPD[HV WUDFNFKDUWDQG3RLQFDUHPDSSLQJGLDJUDP
RIWKHURWRUEHDULQJV\VWHPQHHGWREHFDOFXODWHG)5FDQEH
GHFRPSRVHGDVIROORZV
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x )5 &DOFXODWH WKH WLPH GRPDLQ ZDYHIRUP RI WKH URWRU
EHDULQJV\VWHP
x )5 &DOFXODWH WKH IUHTXHQF\ VSHFWUXP RI WKH URWRU
EHDULQJV\VWHP
x )5&DOFXODWHWKHD[LVWUDFNRIWKHURWRUEHDULQJV\VWHP
x )5&DOFXODWH WKH3RLQFDUHPDSSLQJRI WKHURWRUEHDULQJ
V\VWHP
,QRUGHUWRVDWLVI\WKHVHIRXU)5VIRXU'3VFDQEHVHOHFWHG
DVIROORZV
x '37KHYHUWLFDODQGKRUL]RQWDOGLVSODFHPHQWWLPHFXUYHV
x '37KH)DVW)RXULHUWUDQVIRUP
x '3 7KH YHUWLFDO GLVSODFHPHQWKRUL]RQWDO GLVSODFHPHQW
FXUYH
x '3 7KH YHUWLFDO GLVSODFHPHQWKRUL]RQWDO GLVSODFHPHQW
SRLQWJUDSKIRUHYHU\RWKHUSHULRG
7KHGHVLJQHTXDWLRQFDQEHZULWWHQDV
 
 
 
 
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7KH GHVLJQ PDWUL[ LV D GLDJRQDO PDWUL[ ZKLFK LQGLFDWHV
WKDWWKLVLVDQXQFRXSOHGGHVLJQ
)RU'3 WKHFULWLFDO VSHHGDQG WKH WKUHVKROG VSHHGRI WKH
URWRUEHDULQJV\VWHPQHHGV WREHGHVLJQHGDQG WKHSDUDPHWHU
UHJLRQVZKHUH WKH V\VWHP JHQHUDWHV VXEKDUPRQLF UHVRQDQFHV
QHHGWREHLGHQWLILHGE\YDU\LQJWKHFKDUDFWHULVWLFSDUDPHWHUV
RIWKHV\VWHP)5FDQEHGHFRPSRVHGDVIROORZV
x )5'HVLJQWKHFULWLFDOVSHHGRIWKHURWRUEHDULQJV\VWHP
x )5 'HVLJQ WKH WKUHVKROG VSHHG RI WKH URWRUEHDULQJ
V\VWHP
x )5'HVLJQWKHVXEKDUPRQLFUHVRQDQFHSDUDPHWHUVRIWKH
URWRUEHDULQJV\VWHP
,QRUGHUWRPHHWWKHVHWKUHH)5VWKUHH'3VFDQEHFKRVHQ
DVIROORZV
x '3 7KH DPSOLWXGHVSHHG FXUYHV RI WKH V\VWHP LQ WKH
FULWLFDOVSHHGUDQJH
x '37KHIUHTXHQF\VSHFWUXPRIWKHV\VWHP
x '3 7KH DPSOLWXGHVSHHG FXUYHV RI WKH V\VWHP DW WZLFH
WKHFULWLFDOVSHHGUDQJH
7KHGHVLJQHTXDWLRQFDQEHZULWWHQDV
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7KH GHVLJQPDWUL[ LV D GLDJRQDO PDWUL[ ZKLFK LOOXVWUDWHV
WKDWWKLVLVDQXQFRXSOHGGHVLJQ
7KHUHIRUHWKHVHFRQGOHYHOGHVLJQPHHWVWKHLQGHSHQGHQFH
D[LRP
3.3. Decomposition of FRs and mapping of corresponding 
DPs at the third level 
)RU'3WKHFDOFXODWLRQSUHFLVLRQDQGVSHHGERWKQHHGWR
EH LPSURYHGZKHQ VROYLQJ5H\QROGV HTXDWLRQ EXW WKHUH DUH
VRPH GLIILFXOWLHV LQ VLPXOWDQHRXVO\ LPSURYLQJ WKH SUHFLVLRQ
DQGWKHVSHHG)5FDQEHGHFRPSRVHGDVIROORZV
x )5,PSURYHWKHFDOFXODWLRQSUHFLVLRQ
x )5 *XDUDQWHH WKLV SUHFLVLRQ DQG WKHQ LPSURYH WKH
FDOFXODWLRQVSHHG
,QRUGHUWRPHHWWKHVHWZR)5VWZR'3VFDQEHFKRVHQDV
IROORZV
x '3)LQLWHHOHPHQWPHWKRG
x '37KHQRQOLQHDURLO ILOPIRUFHGDWDEDVHEDVHGRQ WKH
3RLQFDUHWUDQVIRUPDWLRQ>@
7KHGHVLJQHTXDWLRQFDQEHZULWWHQDV
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7KH GHVLJQ PDWUL[ LV D ORZHU WULDQJXODU PDWUL[ ZKLFK
LQGLFDWHVWKDWWKLVLVDGHFRXSOHGGHVLJQ
7KH URWRU PRWLRQ HTXDWLRQ EXLOW E\ '3 LV D KLJK
GLPHQVLRQDOQRQOLQHDUNLQHWLFHTXDWLRQZLWKPXOWLSOHGHJUHHV
RI IUHHGRP ZKLFK UHVXOWV LQ DQ H[WUHPHO\ ORZ VROXWLRQ
HIILFLHQF\ 7KHUHIRUH GLPHQVLRQ UHGXFWLRQ RI WKH KLJK
GLPHQVLRQDOQRQOLQHDUV\VWHPPXVWEHREWDLQHGEHIRUHVROYLQJ
WKH NLQHWLF HTXDWLRQ E\ QXPHULFDO PHWKRGV )5 FDQ EH
GHFRPSRVHGDVIROORZV
x )5 5HGXFH WKH GLPHQVLRQV RI WKH KLJKGLPHQVLRQDO
QRQOLQHDUV\VWHP
x )56ROYHWKHNLQHWLFHTXDWLRQE\QXPHULFDOPHWKRGV
,QRUGHUWRPHHWWKHVHWZR)5VWZR'3VFDQEHFKRVHQDV
IROORZV
x '3)L[HGLQWHUIDFHPRGDOV\QWKHVLVPHWKRG
x '35XQJH.XWWD)HKOEHUJPHWKRG
7KHGHVLJQHTXDWLRQFDQEHZULWWHQDV
 
 
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7KH GHVLJQ PDWUL[ LV D ORZHU WULDQJXODU PDWUL[ ZKLFK
LQGLFDWHVWKDWWKLVLVDGHFRXSOHGGHVLJQ
)RU '3 DQG '3 WKH YHUWLFDO DQG KRUL]RQWDO FULWLFDO
VSHHG DQG WKH WKUHVKROG VSHHG RI WKH URWRUEHDULQJ V\VWHP
QHHG WR EH FDOFXODWHG IRU GLIIHUHQW OHYHOV RI LPEDODQFH
EHFDXVH W\SLFDOO\ WKH QRQOLQHDU SKHQRPHQRQ LV VHHQ DW
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GLIIHUHQWFULWLFDOVSHHGVDQG WKUHVKROGVSHHGVRI WKH URWRU IRU
GLIIHUHQW OHYHOV RI URWRU LPEDODQFH )5 DQG )5 FDQ EH
GHFRPSRVHGDVIROORZV
x )5 &DOFXODWH WKH FULWLFDO VSHHG RI WKH V\VWHP XQGHU D
ORZOHYHORILPEDODQFH
x )5&DOFXODWH WKHFULWLFDO VSHHGRI WKH V\VWHPXQGHUDQ
DOORZDEOHOHYHORILPEDODQFH
x )5 &DOFXODWH WKH FULWLFDO VSHHG RI WKH V\VWHP XQGHU D
KLJKOHYHORILPEDODQFH
x )5&DOFXODWHWKHWKUHVKROGVSHHGRIWKHV\VWHPXQGHUD
ORZOHYHORILPEDODQFH
x )5&DOFXODWHWKHWKUHVKROGVSHHGRIWKHV\VWHPXQGHUDQ
DOORZDEOHOHYHORILPEDODQFH
x )5&DOFXODWHWKHWKUHVKROGVSHHGRIWKHV\VWHPXQGHUD
KLJKOHYHORILPEDODQFH
,QRUGHUWRVDWLVI\WKHVH)5V'3VFDQEHFKRVHQDVIROORZV
x '3 7KH DPSOLWXGHVSHHG FXUYH RI WKH V\VWHP XQGHU D
ORZOHYHORILPEDODQFH
x '37KHDPSOLWXGHVSHHGFXUYHRI WKHV\VWHPXQGHUDQ
DOORZDEOHOHYHORILPEDODQFH
x '3 7KH DPSOLWXGHVSHHG FXUYH RI WKH V\VWHP XQGHU D
KLJKOHYHORILPEDODQFH
x '37KHIUHTXHQF\VSHFWUXPRI WKHV\VWHPXQGHUD ORZ
OHYHORILPEDODQFH
x '3 7KH IUHTXHQF\ VSHFWUXP RI WKH V\VWHP XQGHU DQ
DOORZDEOHOHYHORILPEDODQFH
x '37KHIUHTXHQF\VSHFWUXPRIWKHV\VWHPXQGHUDKLJK
OHYHORILPEDODQFH
7KHWZRGHVLJQHTXDWLRQVFDQEHZULWWHQDV
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 
 
)5   '3
)5   '3
)5   '3
X
X
X
­ ½ ª º ­ ½
° ° ° °« » ® ¾ ® ¾« »
° ° ° °« »¯ ¿ ¬ ¼ ¯ ¿
  
 
 
 
)5   '3
)5   '3
)5   '3
X
X
X
­ ½ ª º ­ ½
° ° ° °« » ® ¾ ® ¾« »
° ° ° °« »¯ ¿ ¬ ¼ ¯ ¿
  
7KHWZRGHVLJQPDWULFHVDUHERWKGLDJRQDOPDWULFHVZKLFK
LQGLFDWHVWKDWWKH\DUHXQFRXSOHGGHVLJQV
)RU'3 WKH VSHHG UDQJHZKHQ VXEKDUPRQLF UHVRQDQFHV
RFFXU LQ WKHURWRUEHDULQJV\VWHPDQGWKH LPSDFWRIGLIIHUHQW
V\VWHP FKDUDFWHULVWLF SDUDPHWHUV VXFK DV LPEDODQFH EHDULQJ
W\SHV DQG OXEULFDWLQJ RLO YLVFRVLW\ RQ WKH VXEKDUPRQLF
UHVRQDQFHVRIWKHV\VWHPQHHGWREHFRQVLGHUHG)5FDQEH
GHFRPSRVHGDVIROORZV
x )5&RQVLGHUWKHLPSDFWRIWKHURWRUVSHHG
x )5&RQVLGHUWKHLPSDFWRIWKHURWRULPEDODQFH
x )5&RQVLGHUWKHLPSDFWRIWKHEHDULQJW\SHV
x )5&RQVLGHUWKHLPSDFWRIWKHOXEULFDWLQJRLOYLVFRVLW\
,Q RUGHU WRPHHW WKHVH IRXU )5V WKH URWRU¶V DPSOLWXGH DW
GLIIHUHQW VSHHGV QHHGV WR EH FDOFXODWHG XQGHU FRQGLWLRQV RI
GLIIHUHQW V\VWHPFKDUDFWHULVWLFSDUDPHWHUV7KH IRXU'3VFDQ
EHFKRVHQDVIROORZV
x '37KHDPSOLWXGHVRIWKHV\VWHPDWGLIIHUHQWVSHHGV
x '3 7KH DPSOLWXGHVSHHG FXUYHV RI WKH V\VWHP XQGHU
GLIIHUHQWOHYHOVRILPEDODQFH
x '3 7KH DPSOLWXGHVSHHG FXUYHV RI WKH V\VWHP XQGHU
GLIIHUHQWEHDULQJW\SHFRQGLWLRQV
x '3 7KH DPSOLWXGHVSHHG FXUYHV RI WKH V\VWHP XQGHU
GLIIHUHQWOXEULFDWLQJRLOYLVFRVLW\FRQGLWLRQV
7KHGHVLJQHTXDWLRQFDQEHZULWWHQDV
 
 
 
 
)5 '3  
)5 '3 
)5 '3 
)5 '3 
X
X X
X X
X X
­ ½ ­ ½ª º
° ° ° °« »° ° ° °« » ® ¾ ® ¾« »° ° ° °« »° ° ° °¬ ¼¯ ¿ ¯ ¿
  
7KH GHVLJQ PDWUL[ LV D ORZHU WULDQJXODU PDWUL[ ZKLFK
LOOXVWUDWHVWKDWWKLVLVDGHFRXSOHGGHVLJQ
7KHUHIRUH WKH WKLUG OHYHO GHVLJQPHHWV WKH LQGHSHQGHQFH
D[LRP
3.4. Decomposition of FRs and mapping of corresponding 
DPs at the fourth level 
)RU '3 LW LV IHDVLEOH WR FRQVLGHU WKH LPSDFW RI
SDUDPHWHUV VXFKDV WKHEHDULQJ HOOLSWLFLW\ DQG WKH OXEULFDWLQJ
RLO YLVFRVLW\ RQ WKH WKUHVKROG VSHHG RI WKH URWRUEHDULQJ
V\VWHPXQGHUDOORZDEOH OHYHOVRI LPEDODQFH7KH VWDELOLW\RI
WKH URWRUEHDULQJ V\VWHP LVYHU\ LPSRUWDQW LQQRQOLQHDU URWRU
G\QDPLF GHVLJQ DV LW VHYHUHO\ UHVWULFWV WKH ZRUN HIILFLHQF\
DQG UHOLDELOLW\ RI WKH SRZHU XQLWV 7KHUHIRUH PHDVXUHPHQWV
DQG VFKHPHV WKDW LPSURYH WKH VWDELOLW\PDUJLQRI WKH V\VWHP
VKRXOG EH FRQVLGHUHG EHIRUH FDOFXODWLRQ )5 FDQ EH
GHFRPSRVHGDVIROORZV
x )5&RQVLGHUWKHLPSDFWRIWKHEHDULQJHOOLSWLFLW\RQWKH
WKUHVKROGVSHHG
x )5&RQVLGHUWKHLPSDFWRIWKHOXEULFDWLQJRLOYLVFRVLW\
RQWKHWKUHVKROGVSHHG
,QRUGHUWRPHHWWKHVHWZR)5VWZR'3VFDQEHFKRVHQDV
IROORZV
x '3 7KH IUHTXHQF\ VSHFWUXP RI WKH V\VWHP XQGHU
GLIIHUHQWEHDULQJHOOLSWLFLW\FRQGLWLRQV
x '3 7KH IUHTXHQF\ VSHFWUXP RI WKH V\VWHP XQGHU
GLIIHUHQWOXEULFDWLQJRLOYLVFRVLW\FRQGLWLRQV
7KHGHVLJQHTXDWLRQFDQEHZULWWHQDV
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7KH GHVLJQ PDWUL[ LV D GLDJRQDO PDWUL[ ZKLFK LQGLFDWHV
WKDWWKLVLVDQXQFRXSOHGGHVLJQ
)RU'3WZREHDULQJW\SHVVKRXOGEHFRQVLGHUHGFLUFXODU
MRXUQDOEHDULQJVDQGHOOLSWLFDO MRXUQDOEHDULQJV)5FDQEH
GHFRPSRVHGDVIROORZV
x )5&RQVLGHUWKHLPSDFWRIWKHFLUFXODUMRXUQDOEHDULQJV
x )5 &RQVLGHU WKH LPSDFW RI WKH HOOLSWLFDO MRXUQDO
EHDULQJV
,QRUGHUWRPHHWWKHVHWZR)5VWZR'3VFDQEHFKRVHQDV
IROORZV
x '3 7KH DPSOLWXGHVSHHG FXUYHV RI WKH V\VWHP XQGHU
FLUFXODUMRXUQDOEHDULQJFRQGLWLRQV
x '3 7KH DPSOLWXGHVSHHG FXUYHV RI WKH V\VWHP XQGHU
HOOLSWLFDOMRXUQDOEHDULQJFRQGLWLRQV
7KHGHVLJQHTXDWLRQFDQEHZULWWHQDV
 
 
)5 '3
 
)5 '3
X
X
­ ½ ­ ½ª º
® ¾ ® ¾« »
¬ ¼¯ ¿ ¯ ¿
  
7KH GHVLJQPDWUL[ LV D GLDJRQDO PDWUL[ ZKLFK LOOXVWUDWHV
WKDWWKLVLVDQXQFRXSOHGGHVLJQ
7KHUHIRUH WKHIRXUWKOHYHOGHVLJQPHHWV WKHLQGHSHQGHQFH
D[LRP
3.5. Global design matrix and design flowchart 
7KH)5VDQG'3VRIWKHVXSHUFULWLFDOURWRUG\QDPLFGHVLJQ
EDVHG RQ D[LRPDWLF GHVLJQ WKHRU\ KDYH EHHQ GHFRPSRVHG WR
JHQHUDWH D OHYHO VWUXFWXUH RI WKH )5V DQG '3V E\ UHSHDWHG
LWHUDWLRQV EHWZHHQ WKH IXQFWLRQDO GRPDLQ DQG WKH SK\VLFDO
GRPDLQ DV VKRZQ LQ )LJ 7KH ILQDO GHFRPSRVLWLRQ UHVXOW
JLYHVWKHWZHQW\)5VDQGWKHLUFRUUHVSRQGLQJ'3VUHSUHVHQWHG
E\ WKH JUHHQ IUDPHV $ î JOREDO GHVLJQ PDWUL[ LV
GHYHORSHG XVLQJ WKH UHODWLRQVKLS EHWZHHQ WKH )5V DQG '3V
GHVFULEHG E\ WKH GHVLJQ PDWULFHV DW DOO OHYHOV DV VKRZQ LQ
7DEOH7KHJOREDOGHVLJQPDWUL[LVDORZHUWULDQJXODUPDWUL[
WKHUHIRUH WKH VXSHUFULWLFDO URWRU G\QDPLF GHVLJQ LV D
GHFRXSOHGGHVLJQDQGPHHWVWKHLQGHSHQGHQFHD[LRP
7KURXJK WKH DQDO\VLV RI )LJ DQG 7DEOH  D G\QDPLF
GHVLJQ IORZFKDUW RI WKH VXSHUFULWLFDO URWRUEHDULQJ V\VWHP
VKRZQ LQ )LJ FDQ EH REWDLQHGƻ6 LV DQ $1' QRGH ZKLFK
PHDQV WKDW WKHUH LV DQ XQFRXSOHG GHVLJQ EHWZHHQ PRGXOHV
ZLWKRXWWKHQHHGWRFRQVLGHUWKHVHTXHQFHLQWKHGHVLJQƻ& LV
DFRQWUROQRGHZKLFKPHDQV WKDW WKHUH LVDGHFRXSOHGGHVLJQ
EHWZHHQ WKH PRGXOHV WKDW PXVW EH FRQWUROOHG LQ DFFRUGDQFH
ZLWK WKHVHTXHQFHVXJJHVWHGE\ WKHGHVLJQPDWUL[GXULQJ WKH
GHVLJQ0RGXOH0i LV GHILQHG DV D VLQJOH URZ RI WKH GHVLJQ
PDWUL[PHDQLQJWKDW'3iEHLQJLQSXW)5iFDQEHGHWHUPLQHG
0iFDQEHH[SUHVVHGDV

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'3 '3
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)5
)5
)5
)5
)5
)5
)XQFWLRQDOGRPDLQ
'3 '3
'3
'3
'3
'3
'3
'3
'3
'3 '3
'3
'3
'3
'3
'3
'3
'3
'3
'3
'3
'3
'3
'3
'3
'3
'3
'3
'3
'3
'3
3K\VLFDOGRPDLQ 
)LJ7KHOHYHOVWUXFWXUHRIWKH)5VDQG'3VRIWKHVXSHUFULWLFDOURWRU
G\QDPLFGHVLJQ
'HVLJQH[DPSOHDQGDQDO\VLV
$VLQJOHVSDQIOH[LEOHV\PPHWULFURWRUEHDULQJV\VWHPZLWK
D VLQJOH GLVN LV VKRZQ LQ )LJ 7KH URWRU SDUDPHWHUV DUH
VKRZQLQ7DEOH7KHGLVNSDUDPHWHUVDUHVKRZQLQ7DEOH
7KH EHDULQJ SDUDPHWHUV DUH VKRZQ LQ 7DEOH  8QGHU WKH
JXLGDQFHRIWKHG\QDPLFGHVLJQIORZFKDUWIRUWKHVXSHUFULWLFDO
URWRUEHDULQJV\VWHPWKHURWRUEHDULQJV\VWHPLVGHVLJQHGDQG
DQDO\]HG $OWKRXJK QRW GHVFULEHG LQ GHWDLO LQ WKLV H[DPSOH
0RGXOH0LVDFKLHYHGXVLQJ)RUWUDQODQJXDJH
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7DEOH7KHJOREDOGHVLJQPDWUL[IRUVXSHUFULWLFDOURWRUG\QDPLFV
 '3 '3 '3 '3 '3 '3 '3 '3 '3 '3 '3 '3 '3 '3 '3 '3 '3 '3 '3 '3
)5 X                   
)5 X X                   
)5 X X X                  
)5 X X X X                 
)5 X X X X X                
)5 X X X X  X               
)5 X X X X   X              
)5 X X X X    X             
)5 X X X X     X            
)5 X X X X      X           
)5 X X X X       X          
)5 X X X X  X      X         
)5 X X X X  X       X        
)5 X X X X  X        X       
)5 X X X X  X         X      
)5 X X X X            X     
)5 X X X X            X X    
)5 X X X X            X  X  
)5 X X X X            X   X 
)5 X X X X            X    X 

0 & 0
07KHFDOFXODWLRQ
R I WKHG\QDPLFRLO
ILOPIRUFHVRQWKH
MRXUQDOEHDULQJV
07KHFDOFXODWLRQ
RIWKHURWRUYLEUDWLRQ
&
07KHYLEUDWLRQFDOFXODWLRQRIWKHURWRUEHDULQJV\VWHP
0
0
0
6
07KHGHVLJQRI
WKH FULWLFDO VSHHG RI
WKHV\VWHP
0
0
6
0
0
0
6
07KHGHVLJQRI
WKHWKUHVKROGVSHHG
RIWKHV\VWHP
6
07KHSHUIRUPDQFHGHVLJQRIWKHURWRU
EHDULQJV\VWHP
& &
07KHFDOFXODWLRQ
RIWKHWLPHGRPDLQ
ZDYHIRUP
07KHFDOFXODWLRQ
RIWKHIUHTXHQF\
VSHFWUXP
6
07KHFKDUDFWHULVWLFH[WUDFWLRQ
RIWKHURWRUEHDULQJV\VWHP
0 &
0
0
0
6
0
0
6
07KHGHVLJQRIWKHVXEKDUPRQLF
UHVRQDQFHSDUDPHWHUVRIWKHV\VWHP
07KHFDOFXODWLRQ
RIWKHD[LVWUDFN
07KHFDOFXODWLRQ
RIWKH3RLQFDUH
PDSSLQJ
0 & 0

)LJ7KHG\QDPLFGHVLJQIORZFKDUWRIWKHVXSHUFULWLFDOURWRUEHDULQJV\VWHP

)LJ7KHURWRUEHDULQJV\VWHPGLDJUDP
7DEOH7KHURWRUSDUDPHWHUV
/HQJWKm 'LDPHWHUm 'HQVLW\kgÂm-3 (ODVWLFLW\PRGXOXVPa
  î î
7DEOH7KHGLVNSDUDPHWHUV
0DVVkg 'LDPHWHU
PRPHQWRI
LQHUWLDkgÂm2
3RODUPRPHQW
RILQHUWLD
kgÂm2
0DVV
HFFHQWULFLW\
ȝm
LPEDODQFH
gÂmm
    
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7DEOH7KHEHDULQJSDUDPHWHUV
'LDPHWHU
m
/HQJWK
m
5DGLDO
FOHDUDQFH
ȝm
7LOHZUDS
DQJOH°
(OOLSWLFLW\ /XEULFDWLQJ
RLOYLVFRVLW\
PaÂs
     
4.1. Realization of Module M2 
7KHFKDUDFWHULVWLFH[WUDFWLRQJUDSKRI WKH OHIWD[OH MRXUQDO
YLEUDWLRQDWDVSHHGRIUSPLVVKRZQLQ)LJ7KHURWRU
PDLQWDLQVDV\QFKURQRXVSHULRGLFPRWLRQDURXQGWKHPRPHQW
7KH YLEUDWLRQ IUHTXHQF\ LV RQO\ D ZRUNLQJ IUHTXHQF\ 7KH
D[LV WUDFN DSSHDUV DV DQ HOOLSVH DQG RQO\ D IL[HG SRLQW LV
VKRZQ LQ WKH 3RLQFDUH PDSSLQJ GLDJUDP 7KH FKDUDFWHULVWLF
H[WUDFWLRQJUDSKRIWKHOHIWD[OHMRXUQDOYLEUDWLRQDWDVSHHGRI
USP LV VKRZQ LQ )LJ 7KH URWRU PDLQWDLQV D
TXDVLSHULRGLF PRWLRQ DURXQG WKH PRPHQW $ ORZ IUHTXHQF\
FRPSRQHQWLVVHHQLQWKHIUHTXHQF\VSHFWURJUDPDVZHOODVWKH
ZRUNLQJIUHTXHQF\7KHD[LVWUDFNIRUPVDULEERQSDWWHUQZLWK
D FHUWDLQ ZLGWK DQG D FORVHG SRLQW ULQJ LV VKRZQ LQ WKH
3RLQFDUHPDSSLQJGLDJUDP
4.2. Realization of Module M3 
7KH LPSOHPHQWDWLRQ UHVXOW RI 0RGXOH 0 LV VKRZQ LQ
)LJ ,W FDQ EH VHHQ IURP WKLV ILJXUH WKDW WKH ILUVW FULWLFDO
VSHHGRIWKHV\VWHPLVVOLJKWO\GLIIHUHQWIRUGLIIHUHQWOHYHOVRI
GLVN LPEDODQFH$SSURSULDWH LQFUHDVHV LQ WKH GLVN LPEDODQFH
FDQ UDLVH WKH KRUL]RQWDO FULWLFDO VSHHG DQG ORZHU WKH YHUWLFDO
FULWLFDOVSHHG
7KH LPSOHPHQWDWLRQ UHVXOWV RI0RGXOH0 DUH VKRZQ LQ
7DEOH  7KH LQVWDELOLW\ UHIHUV WR WKH YDULDWLRQ IURP D
V\QFKURQRXV SHULRGLFPRWLRQ WR D TXDVLSHULRGLFPRWLRQ EXW
QRW LQFOXGLQJ WKH TXDVLSHULRGLFPRWLRQ DW WKH VXEKDUPRQLF
UHVRQDQFH VSHHG7DEOH VKRZV WKDW DQ DSSURSULDWH LQFUHDVH


)LJ7KHFKDUDFWHULVWLFH[WUDFWLRQJUDSKRIWKHOHIWD[OHMRXUQDOYLEUDWLRQDW
DVSHHGRIUSPDWKHWLPHGRPDLQZDYHIRUPEWKHIUHTXHQF\
VSHFWUXPFWKHD[LVWUDFNGWKH3RLQFDUHPDSSLQJ

)LJ7KHFKDUDFWHULVWLFH[WUDFWLRQJUDSKRIWKHOHIWD[OHMRXUQDOYLEUDWLRQDW
DVSHHGRIUSPDWKHWLPHGRPDLQZDYHIRUPEWKHIUHTXHQF\
VSHFWUXPFWKHD[LVWUDFNGWKH3RLQFDUHPDSSLQJ
RIWKHLPEDODQFHDQGHOOLSWLFLW\DQGDQDSSURSULDWHUHGXFWLRQ
RIWKHOXEULFDWLQJRLOYLVFRVLW\FDQLPSURYHWKHVWDELOLW\RIWKH
V\VWHP


)LJ7KHDPSOLWXGHVSHHGFXUYHRIWKHOHIWD[OHMRXUQDOYLEUDWLRQXQGHU
GLIIHUHQWOHYHOVRILPEDODQFHDWKHKRUL]RQWDODPSOLWXGHVSHHGFXUYHE
WKHYHUWLFDODPSOLWXGHVSHHGFXUYH
245 Yingze Jin et al. /  Procedia CIRP  53 ( 2016 )  237 – 246 
7DEOH  7KH WKUHVKROG VSHHG RI WKH V\VWHP XQGHU FRQGLWLRQV RI GLIIHUHQW
HOOLSWLFLW\OXEULFDWLQJRLOYLVFRVLW\DQGPDVVHFFHQWULFLW\
(OOLSWLFLW\ /XEULFDWLQJRLO
YLVFRVLW\PaÂs
0DVVHFFHQWULFLW\
ȝm
7KUHVKROGVSHHG
rpm
   
   
   
   
   
   
   
7KH LPSOHPHQWDWLRQ UHVXOWV RI0RGXOH0 DUH VKRZQ LQ
)LJ:KLOHWKHGLVNLPEDODQFHLQFUHDVHVWRDFHUWDLQH[WHQW
WKHURWRUYLEUDWLRQSHDNDOVRDSSHDUVDWDSSUR[LPDWHO\GRXEOH
WKH ILUVW FULWLFDO VSHHG ZKLFK PHDQV WKDW RQH KDOI
VXEKDUPRQLF UHVRQDQFH RI WKH V\VWHP RFFXUV ,Q RUGHU WR
DQDO\]HWKHG\QDPLFEHKDYLRURIWKHV\VWHPDWDVSHHGRIRQH
KDOIVXEKDUPRQLF UHVRQDQFH WKH D[LV WUDFN FKDUW DQG WKH
3RLQFDUH PDSSLQJ GLDJUDP RI WKH V\VWHP DW D VSHHG RI
USP ZLWK D PDVV HFFHQWULFLW\ RI ȝP DUH JLYHQ DV
VKRZQLQ)LJ7KHURWRUPDLQWDLQVDTXDVLSHULRGLFPRWLRQ
DURXQG WKH PRPHQW EXW UHWXUQV WR D V\QFKURQRXV SHULRGLF
RUELWDERYHWKHKDOIVXEKDUPRQLFUHVRQDQFHVSHHG


)LJ7KHDPSOLWXGHVSHHGFXUYHRIWKHOHIWD[OHMRXUQDOYLEUDWLRQXQGHU
GLIIHUHQWOHYHOVRILPEDODQFH

)LJ7KHD[LVWUDFNFKDUWDQGWKH3RLQFDUHPDSSLQJGLDJUDPRIWKHV\VWHP
DWDVSHHGRIUSPZLWKDPDVVHFFHQWULFLW\RIȝPDWKHD[LVWUDFNE
WKH3RLQFDUHPDSSLQJ
7KH LPSOHPHQWDWLRQ UHVXOWV RI 0RGXOH 0 DQG0RGXOH
0 DUH VKRZQ LQ )LJ 8QGHU FLUFXODU MRXUQDO EHDULQJ
FRQGLWLRQV WKH V\VWHP FDQ PRUH HDVLO\ JHQHUDWH RQH KDOI
VXEKDUPRQLF UHVRQDQFH WKDQ XQGHU HOOLSWLFDO MRXUQDO EHDULQJ
FRQGLWLRQV 7KH V\VWHP LV OHVV OLNHO\ WR JHQHUDWH RQH KDOI
VXEKDUPRQLFUHVRQDQFHXQGHUKLJKHURLOYLVFRVLW\FRQGLWLRQV


)LJ7KHDPSOLWXGHVSHHGFXUYHRIWKHOHIWD[OHMRXUQDOYLEUDWLRQXQGHU
FRQGLWLRQVRIGLIIHUHQWEHDULQJW\SHVDQGOXEULFDWLQJRLOYLVFRVLW\PDVV
HFFHQWULFLW\ȝP
5HVXOWVDQGGLVFXVVLRQ
%\DQDO\]LQJWKHFDOFXODWLRQUHVXOWVRIWKHGHVLJQH[DPSOH
LW FDQ EH VHHQ WKDW D VLQJOH VSDQ IOH[LEOH V\PPHWULF URWRU
EHDULQJ V\VWHP ZLWK D VLQJOH GLVN KDV LWV ILUVW KRUL]RQWDO
FULWLFDO VSHHG DW  USP LWV ILUVW YHUWLFDO FULWLFDO VSHHG DW
 USP DQG D WKUHVKROG VSHHG RI  USP 7KH URWRU
PDLQWDLQVDV\QFKURQRXVSHULRGLFPRWLRQZKHQLWLVRSHUDWLQJ
EHORZ D VSHHG RI  USP DQG PDLQWDLQV D TXDVLSHULRGLF
PRWLRQZKHQ LW LV RSHUDWLQJZLWKLQ D FHUWDLQ UDQJHEH\RQGD
VSHHG RI  USP ,Q FRPSDULVRQ ZLWK FLUFXODU MRXUQDO
EHDULQJVFKRRVLQJHOOLSWLFDOMRXUQDOEHDULQJVLQWKHGHVLJQFDQ
LPSURYH WKHVWDELOLW\RI WKHV\VWHPDQG OHVVHDVLO\FDXVHRQH
KDOIVXEKDUPRQLF UHVRQDQFHRI WKHV\VWHP$KLJKHU OHYHORI
URWRU LPEDODQFHLQWKHGHVLJQFDQUDLVHWKHKRUL]RQWDOFULWLFDO
VSHHG RI WKH V\VWHP ORZHU WKH YHUWLFDO FULWLFDO VSHHG RI WKH
V\VWHPDQGLPSURYHWKHVWDELOLW\RIWKHV\VWHPEXWLWFDQDOVR
LQFUHDVH WKH URWRU¶V YLEUDWLRQ DPSOLWXGH DQG HYHQ FDXVH RQH
KDOIVXEKDUPRQLF UHVRQDQFH RI WKH V\VWHP $ ORZHU
OXEULFDWLQJRLOYLVFRVLW\LQWKHGHVLJQFDQLPSURYHWKHVWDELOLW\
RI WKH V\VWHP EXW FDQ DOVR FDXVH RQH KDOIVXEKDUPRQLF
UHVRQDQFH 7KHUHIRUH WDNLQJ YDULRXV IDFWRUV LQWR
FRQVLGHUDWLRQ GHVLJQHUV VKRXOG FKRRVH DSSURSULDWH
FKDUDFWHULVWLF SDUDPHWHUV WR UHDOL]H D VXSHUFULWLFDO URWRU
G\QDPLFGHVLJQDFFRUGLQJWRVSHFLILFGHVLJQUHTXLUHPHQWV
:KHQ QRQOLQHDU HIIHFWV DUH VWURQJHU LQ URWRUEHDULQJ
V\VWHPVWKHUHDUHREYLRXVGLIIHUHQFHVLQWKHGHVLJQUHVXOWVIRU
WKHFULWLFDOVSHHGDQGWKUHVKROGVSHHGEHWZHHQURWRUG\QDPLF
GHVLJQPHWKRGV WKDW FRQVLGHU QRQOLQHDU GHHSNQRZOHGJH DQG
GHVLJQV EDVHG RQO\ RQ OLQHDU WKHRU\ 7KH ILUVW KRUL]RQWDO
FULWLFDOVSHHGDQGWKUHVKROGVSHHGRIWKHURWRUEHDULQJV\VWHP
ZLWK D GLVN PDVV HFFHQWULFLW\ RI ȝP EDVHG RQ OLQHDU DQG
QRQOLQHDU WKHRULHV DUH JLYHQ LQ 7DEOH  ,W FDQ EH VHHQ WKDW
ZKHQ QRQOLQHDU GHHS NQRZOHGJH LV FRQVLGHUHG WKH ILUVW
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KRUL]RQWDO FULWLFDO VSHHG LPSURYHV E\  SHUFHQW DQG WKH
WKUHVKROG VSHHG LPSURYHV E\  SHUFHQW 7KHUHIRUH WKH
QRQOLQHDU IDFWRUVRI URWRUEHDULQJ V\VWHPV FDQQRWEH LJQRUHG
LQ WKH VXSHUFULWLFDO URWRU G\QDPLF GHVLJQ $IWHU DGRSWLQJ DQ
D[LRPDWLF GHVLJQ PHWKRG ZKLFK LQWHJUDWHV QRQOLQHDU GHHS
NQRZOHGJH WKH FULWLFDO VSHHG DQG WKUHVKROG VSHHG WKDW DUH
FDOFXODWHG DUH FORVHU WR DFWXDO ZRUNLQJ FRQGLWLRQV WKXV
RSWLPL]LQJWKHGHVLJQUHVXOWV
7DEOH7KHILUVWKRUL]RQWDOFULWLFDOVSHHGDQGWKUHVKROGVSHHGRIWKHV\VWHP
ZLWKDGLVNPDVVHFFHQWULFLW\RIȝPEDVHGRQOLQHDUDQGQRQOLQHDUWKHRULHV
 +RUL]RQWDOFULWLFDO
VSHHGrpm
7KUHVKROGVSHHG
rpm
/LQHDUWKHRU\  
1RQOLQHDUWKHRU\  
,PSURYHGGHJUHH%  
&RQFOXVLRQV
,QRUGHU WR LQWURGXFHQRQOLQHDU WKHRU\RIURWRUEHDULQJ
V\VWHPVLQWRURWRUG\QDPLFGHVLJQDQGLQWHJUDWHWKHQRQOLQHDU
GHHS NQRZOHGJH UHVHDUFK DQ D[LRPDWLF GHVLJQ PHWKRG IRU
VXSHUFULWLFDO URWRU G\QDPLFV KDV EHHQ DGRSWHG $ IRXUOHYHO
GHFRPSRVLWLRQ RI )5V DQG PDSSLQJ RI FRUUHVSRQGLQJ '3V
KDYHEHHQDFKLHYHG$JOREDOGHVLJQPDWUL[ IRU VXSHUFULWLFDO
URWRU G\QDPLFV KDV WKHQ EHHQ GHYHORSHG$ G\QDPLF GHVLJQ
IORZFKDUW RI WKH URWRUEHDULQJ V\VWHP KDV ILQDOO\ EHHQ
REWDLQHG
 8QGHU WKH JXLGDQFH RI WKH GHVLJQ IORZFKDUW D VLQJOH
VSDQ IOH[LEOH V\PPHWULF URWRUEHDULQJ V\VWHP ZLWK D VLQJOH
GLVN KDV EHHQ G\QDPLFDOO\ GHVLJQHG DQG DQDO\]HG 7KH
IHDVLELOLW\ DQG YDOLGLW\ RI D[LRPDWLF GHVLJQ WKHRU\ IRU
VXSHUFULWLFDO URWRU G\QDPLF GHVLJQ KDV EHHQ YDOLGDWHG 7KH
GHVLJQ UHVXOWV WKDW FRQVLGHU QRQOLQHDU GHHS NQRZOHGJH KDYH
EHHQIRXQGWREHVXSHULRUWRWKRVHEDVHGRQO\RQOLQHDUWKHRU\
$SSURSULDWH LQFUHDVHV LQ WKH URWRU LPEDODQFHFDQUDLVH
WKH KRUL]RQWDO FULWLFDO VSHHG RI WKH URWRUEHDULQJ V\VWHP DQG
ORZHU WKH YHUWLFDO FULWLFDO VSHHG RI WKH V\VWHP $SSURSULDWH
LQFUHDVHV LQ WKH LPEDODQFH DQG HOOLSWLFLW\ DQG UHGXFWLRQV LQ
WKH OXEULFDWLQJ RLO YLVFRVLW\ FDQ LPSURYH WKH VWDELOLW\ RI WKH
V\VWHP 7KH URWRUEHDULQJ V\VWHP LVPRUH OLNHO\ WR JHQHUDWH
RQH KDOIVXEKDUPRQLF UHVRQDQFH XQGHU FLUFXPVWDQFHV RI D
ODUJHU LPEDODQFH ORZHU OXEULFDWLQJRLO YLVFRVLW\ DQG FLUFXODU
MRXUQDOEHDULQJV7KHVHYDULRXVIDFWRUVQHHGWREHFRQVLGHUHG
E\ GHVLJQHUV LQ RUGHU WR VHOHFW DSSURSULDWH SDUDPHWHUV WR
DFKLHYH D VXSHUFULWLFDO URWRU G\QDPLF GHVLJQ DFFRUGLQJ WR
VSHFLILFGHVLJQUHTXLUHPHQWV
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